ABSTRACT: Highly resilient synthetic hydrogels were synthesized by using the efficient thiol-norbornene chemistry to cross-link hydrophilic poly(ethylene glycol) (PEG) and hydrophobic polydimethylsiloxane (PDMS) polymer chains. The swelling and mechanical properties of the hydrogels were controlled by the relative amounts of PEG and PDMS. The fracture toughness (G c ) was increased to 80 J/m 2 as the water content of the hydrogel decreased from 95% to 82%. In addition, the mechanical energy storage efficiency (resilience) was more than 97% at strains up to 300%. This is comparable with one of the most resilient materials known: natural resilin, an elastic protein found in many insects, such as in the tendons of fleas and the wings of dragonflies. The high resilience of these hydrogels can be attributed to the well-defined network structure provided by the versatile chemistry, low cross-link density, and lack of secondary structure in the polymer chains.
■ INTRODUCTION
Synthetic hydrogels, cross-linked materials that typically consist of more than 50% water, 1 are notoriously brittle and have poor mechanical properties, including low strain to break and toughness and high stress−strain hysteresis. 2 In contrast, biological materials often have robust mechanical properties in the hydrated state, such as the rubber-like proteins that can be deformed to high degrees of strain without failing. 3, 4 The proteins elastin and resilin are both water swollen (40−60%) yet have the remarkable ability to undergo significant reversible deformation with no energy loss, also known as having high resilience. 3 Nature appears to exploit this property for mechanical energy storage that facilitates movement.
Resilin, which is even more resilient than elastin, hence its name, serves a variety of purposes, from being involved in the jumping mechanism in fleas to the flight system of dragonflies and the sound producing organs of the locust. 5 First investigated by Weis-Fogh 6 in the 1960s in the form of the dragonfly tendon, it was shown to be 92−97% resilient, which is greater than polybutadiene rubber (80%), perhaps the most prototypical synthetic elastomer. 7 Studies on the structure of resilin have shown that the cross-linking chemistry is highly specific, occurring only through the tyrosine units, with approximately 40 to 60 amino acid residues (∼4 to 7 kDa) between junctions. 8 In addition, resilin is an amorphous material, with no stable secondary structures within the crosslinked primary chains. 8, 9 It is this uniform network (narrowly defined molecular weight between cross-links as well as robust cross-linking chemistry), low cross-link density, and absence of secondary structure within the primary chains that are thought to be responsible for the remarkable elastomeric properties of resilin. 9 In recent years, recombinant protein methods have been used to prepare elastic protein materials similar to elastin and resilin with reasonable success. 7, 10 Cross-linked recombinant rec1-resilin, with an equilibrium water content of approximately 80%, was found to have a modulus of 2.5 kPa and could be stretched to 300% of its original length with negligible hysteresis upon removal of the load (resilience of 97%). 7 Resilin-like polypeptide (RLP)-based elastomers with biologically active domains were also synthesized through a recombinant modular approach by Charati and coworkers. 11 When hydrated, these materials had a water content of 85% and a Young's modulus (in tension) of 30−60 kPa. Further work on these hydrogels demonstrated that their properties could be tuned while maintaining a high resilience (>90%), even when extended to 200% strain. 10, 11 Nevertheless, these materials are protein-based. At the same time, a number of approaches have been employed to improve the mechanical properties of non protein-based synthetic hydrogels, often in an effort to match the performance of natural tissues. 12, 13 However, there has been significantly less progress toward the creation of materials with resilience similar to resilin. One reason for this is that many conventional crosslinking methods create inhomogeneous network structures with defects such as loops and dangling chains.
14 Efforts to improve the mechanical performance of hydrogels have involved the manipulation of network microstructures, as seen in nanocomposite, block copolymer, and double network (DN) gels, and the use of amphiphilic systems, where the hydrophobic component influenced the water content and mechanical properties. 1,15−22 Studies on DN gels composed of a rigid highly cross-linked poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) first network and a loosely cross-linked polyacrylamide (PAAm) second network have shown that these gels have a high tensile strength and toughness, but exhibit considerable hysteresis after just one loading cycle. 18 Similar large hysteresis loops have been observed for other gels, such as triblock copolymer gels, 23 hybrid hydrogels, 24 and hydrophobically functionalized polyelectrolyte hydrogels. 25 Thus, many current synthetic hydrogels with seemingly attractive mechanical properties are of limited practical use when resilience is required, as one instance of loading to high strain results in permanent deformation or fracture and irreversibly changes the material properties. Other efforts have included end-linking reactions, such as Michael-type additions and click chemistry, to synthesize well-defined network structures. 14, 26, 27 However, the mechanical performance of such networks has not been systematically investigated. In 2008, Sakai and coworkers reported a homogeneous gel formed by cross-linking symmetrical tetrahedron-like poly-(ethylene glycol) (PEG) macromonomers that were designed to minimize entanglements. 28 This design strategy was an effective way to improve the elastic properties of the materials; however, to date, this chemistry has been limited to PEG. 29, 30 In this Communication, a versatile synthetic platform capable of reproducing resilin's essential structural features was pursued that yields resilient hydrogels with tunable properties including water content, stiffness, and fracture toughness. The networks described herein are based on the fast, photoinitiated crosslinking reaction of telechelic norbornene end-functionalized polymer chains with a tetra-functional thiol cross-linker. This combination of telechelic polymer chains coupled to the highly efficient thiol−ene cross-linking chemistry enables the formation of homogeneous networks with uniformly spaced crosslinks, low cross-link densities, and high water content, similar to resilin. We demonstrate this concept using a hydrophilic PEGbased network and tune the water content and mechanical properties by incorporating a hydrophobic component, polydimethylsiloxane (PDMS). This method is exceptionally simple, involving only the mixing of all of the components before photoinitiated network formation, and provides many options for tailoring the hydrogel properties using the same synthetic platform.
■ RESULTS AND DISCUSSION
The networks reported here consist of PEG and PDMS precursor polymer chains functionalized with norbornene endgroups, as shown in Figure 1a (see the Supporting Information (SI) for experimental details; 1 H NMRs in SI Figure S1 ). They were cross-linked with the tetra-functional cross-linker pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) in an organic solvent so that the PEG and PDMS were homogeneously mixed in the precursor solution during network formation. The gels were washed and then swollen to equilibrium in deionized water. By simply varying the molar ratio of PEG to PDMS, the water content and mechanical properties of the hydrogels were controlled, while maintaining high resilience. Robust mechanical analysis demonstrates that these are a new class of materials that remains highly resilient across all strains (up to 300%) examined to date, with exquisitely tunable mechanical properties and water content.
A series of hydrogels were prepared with molar ratios of PEG to PDMS ranging from 100:0 to 30:70 (details in SI Table S1 ). As the PDMS content increased, the equilibrium water content decreased. This difference in swelling is visible in the representative photographs in Figure 1b comparing the 100:0 and 30:70 PEG/PDMS hydrogels swollen to equilibrium in water. The equilibrium water contents are shown in Figure 2 , going from over 95% water in the 100:0 PEG hydrogel (equilibrium mass swelling ratio Q = 21) to 82% water in the 30:70 hydrogel (Q = 6). Whereas this is higher than the water content of natural resilin (50−60%), it is comparable to reported values for recombinant RLP-based materials (80− 90%) that show similar resilience. 7, 10 To investigate the resilience of the PEG and PEG/PDMS hydrogels, tensile measurements were carried out with a cyclic loading profile for two of the compositions (PEG:PDMS 100:0 and 30:70) (Figure 3 ). Resilience, defined as the energy recovered after removal of the stress divided by the total energy of deformation, measures the ability of a material to deform reversibly (elastically) without loss of energy. As shown in Figure 3b ,c, both of the PEG and PEG/PDMS hydrogels showed negligible hysteresis across the entire measured range of strains. In addition, during consecutive loading cycles for each strain, the loading and unloading stress−strain curves were identical, demonstrating that there was no permanent network damage to these highly swollen, synthetic materials. These data also suggest that the Mullins effect, the stress softening phenomenon under loading, did not occur, 31, 32 which is commonly observed and difficult to prevent in filled rubbers and the DN hydrogels. 18 These studies demonstrate that the resilience of these hydrogels (≥97%) is comparable to that of the elastic proteins found in nature. Resilin, in the form of a dragonfly tendon, is reported to have a resilience of up to 97%, and elastin, a protein found in human skin and arteries, has a resilience of ∼90% in the fully hydrated state. 33 An in vitro study, however, found that the water content had a significant impact on the resilience of both native resilin and elastin. 3 For example, reducing the water content by as little as 5% dramatically decreased the resilience, making the proteins brittle and glassy. 34 In contrast, for these new hydrogels, the water content, controlled by the amount of PDMS in the hydrogels, had little influence on the resilience. As shown in Figures 2 and 4 , both the PEG and PEG/PDMS hydrogels maintained a resilience of more than 97% across the range of measured strains (up to 300%), even though the water content varied from 95 to 82%.
Two commonly used prototypical hydrogels, with fundamentally different cross-linked network structures, were also synthesized, and their resilience was characterized for comparison. PAAm, a chemically cross-linked material, and gelatin, a physically cross-linked material, were studied (SI Table S1 ). For both hydrogels, the water content was ∼90%, and the Young's modulus (in tension) was ∼20 kPa, which was similar to these PEG and PEG/PDMS hydrogels (16 and 34 kPa, respectively). Resilience was measured using the same cyclic loading profile, and the results are shown in the form of resilience as a function of strain in Figure 4 . At low strains (<20%), resilience of more than 90% was observed for both systems. This was expected, as resilience is typically high for all materials at small deformations. However, fracture occurred at small strains (∼40%) for both the PAAm and gelatin hydrogels, demonstrating their known relatively weak and brittle mechanical performance.
As previously mentioned, DN hydrogels exhibit significant hysteresis in the first loading cycle 18 and consequently demonstrate poor resilience. Furthermore, the resilience decreases with increasing strain, suggesting more permanent damage at larger strains. This is due to the permanent breakage of the covalent bonds in the randomly cross-linked PAMPS network, formed by free radical polymerization. 18 The DN hydrogels, in addition to many other hydrogel systems in the literature, have been studied under compression, as this is easier to perform experimentally in terms of both sample preparation and testing. Therefore, to enable direct comparison, the hysteresis behavior of the PEG and PEG/PDMS hydrogels was also examined in compression. Whereas the overall swelling and moduli of these two materials were different, the resilience was greater than 90% for all of the measured strains, and the energy loss was likely due to the inevitable friction between the hydrogel and the loading plates (SI Figures S2 and S3) . 23 When considering the PEG and PEG/PDMS hydrogels as desirable materials, other mechanical properties in addition to resilience, such as the modulus and maximum strain, are important. The properties of several representative waterswollen materials are summarized in Table 1 , including the water content (ϕ water ), Young's modulus (E), maximum tensile strain (ε max ), critical strain energy release rate (G c ), and resilience at low and high strain. The PAAm, gelatin, and DN hydrogels shared the same water content (ϕ water ≈ 0.90), which was in the range of the hydrogels reported here (ϕ water = 0.82 to 0.95). The stiffness, which was characterized by the Young's modulus in tension and scales inversely with the water content, was similar among all hydrogels, whereas the stiffness of resilin and elastin is much higher due to the significantly higher protein content (ϕ water = 0.40 to 0.60). Comparing the PEG and PEG/PDMS materials shows that increasing the PDMS content increased the stiffness. For maximum tensile strain and toughness (related to G c ), the PEG and PEG/PDMS hydrogels were less than those of the DN hydrogels but similar to or higher than those of the commonly used PAAm and gelatin hydrogels. Moreover, high resilience was achieved across the entire range of strains and water content for these new materials, in contrast with other purely organic hydrogels.
Although the underlying reasons for the extraordinary resilience of these synthetic hydrogels will require more investigation, some answers may be found in the network structure. The design strategy was based on the fundamental network elements of resilin that result in its unique elastic properties. The thiol−ene reaction between primary thiols and the norbornene double bond is known to be fast, highly efficient, and very selective. 38, 39 This provided the hydrogels with well-defined cross-linked network structures, in which network defects, such as dangling chains and loops, were largely diminished. This is in sharp contrast with conventional radical polymerization, which is commonly used in gel synthesis. The use of telechelic polymer chains provided a precise molecular weight between cross-links, and the PEG provided an unstructured, hydrophilic chain that allowed the materials to swell significantly in water. The PDMS volume fraction controlled the overall water content of the hydrogels as Q ∝ ϕ PDMS −1.2 . Support for the uniform structure of these novel networks was obtained by small-angle neutron scattering (SANS). The SANS spectra show a monotonic decrease in scattering intensity over the q range of 0.005 to 0.5 Å −1 and do not display the broad peak in scattering intensity previously observed for similarly end-functionalized, yet free radically cross-linked PEG-dimethacrylate (PEGDM) hydrogels (SI Figure S4) . 40 Fitting these data to common models for scattering from polymer solutions and gels 41, 42 shows only one mesh size of 28.6 ± 0.2 Å. In addition, the Kratky plot shows no maximum, in contrast with the strong peak observed from the randomly cross-linked PEGDM hydrogels, 40 illustrating that the networks reported here have an extremely homogeneous structure compared with conventional randomly cross-linked hydrogels (SI Figure S5) .
This uniform network structure is reflected in the mechanical performance of the PEG and PEG/PDMS hydrogels. During stretching of these hydrogels, the applied strain energy is distributed uniformly due to the limited number of defects, allowing the network to approach theoretical maximum strain limits (SI, G c calculation). Moreover, structural defects would typically induce rearrangement of the network, resulting in irreversible energy loss during cyclic loading, especially at large strains, reflected by a decrease in resilience. However, this phenomenon was not observed in these hydrogels, which exhibited near-constant resilience until fracture (Figure 4 ).
■ CONCLUSIONS
In summary, the combination of high resilience and excellent mechanical properties seen in water-swollen natural materials like resilin and elastin has been difficult to reproduce in purely synthetic hydrogels to date. Here the fundamental network elements of resilin, including a uniform network structure and unstructured primary chains, were built into simple synthetic polymer systems to form new networks using novel, robust, yet scalable synthetic polymer chemistry. This resulted in a unique hydrogel system with tunable properties. Cyclic tensile testing on the 100:0 and 30:70 PEG/PDMS hydrogels (95 and 82% water, respectively) demonstrated that they maintained a resilience greater than 97% across all measured strains (up to 300%). In addition, these synthetic systems demonstrated similar extensibility and resilience as resilin. This work highlights the importance of understanding the structure− property relationships of natural materials and how this knowledge can be applied in the development of synthetic systems. a Resilience data were taken from the first cycle of the stress−strain curve.
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